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ABSTRACT
Countless industries rely on lithium ion batteries for dependable energy
storage. As society continues to evolve and move towards integration of more
electric powered devices and vehicles, battery technologies must innovate to
provide these many industries with larger voltage solutions while maintaining
or reducing battery size and weight. Examples of large industries that would
benefit from improved energy storage technology include consumer electron-
ics, electric vehicles, and renewable energy [1]. All solid state batteries have
the potential for higher voltages and safer use as they are more resistant to
combustion [2]. Solid electrolytes are currently an obstacle preventing wide
scale deployment of solid state batteries as a material has yet to be found
that satisfies the required properties of high ionic conductivity and voltage
stability against both the cathode and anode. Computational methods can
be used as a relatively fast way to discern material properties that could
potentially be used to predict new solid electrolytes. However, current theo-
ries and known material properties that describe ionic conductivity are not
practical for use in high-throughput (HT) prediction algorithms [1]. In order
to find better descriptors of ionic conductivity for use in a HT screening one
must first have a better physical understanding of superionic conductors and
how they differ from regular ion conductors. Pursuing this topic, we studied
the lattice dynamical properties and cation disorder of a known superionic
conductor, sodium beta-alumina, and compared the results to similar stud-
ies conducted on recently synthesized lithium halide materials, Li3YCl6 and
LiCs2YCl6. Density functional theory was used to find optimum geometries
and calculate the energies of each configuration and the forces experienced
by each atom. The harmonic approximation was then used to extrapolate
from these results and calculate phonon properties of each material. The
superionic conductor, sodium beta alumina, was found to have a soft sodium
sub-lattice that is isolated from a stiff anion framework of alumina. In con-
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trast, the fast lithium conducting halide material Li3YCl6 has a soft lithium
sublattice that is not isolated from its soft anion framework made up of Y
and Cl. Lastly, LiCs2YCl6 is found to have similar phonon properties to
Li3YCl6, but exhibits no discernible lithium conductivity. Both sodium beta
alumina and Li3YCl6 exhibit frustration in their respective mobile ion sub-
lattices, which leads to disorder of the mobile ion, unlike LiCs2YCl6 which
has no frustration or observable disorder in the crystal lattice. Thus hav-
ing disorder in the mobile ion sublattice is important when searching for a
fast ion conductor, whereas having a soft lattice and weak bonding in the
material does not always imply fast ion conduction. In addition to disorder,
superionic conductors often possess a soft mobile ion sublattice accompanied
by a stiff anion framework in which the mobile ion sublattice is free to move
about.
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CHAPTER 1
INTRODUCTION
As is commonly known, fossil fuels release carbon dioxide into the atmo-
sphere, which when compounded leads to negative effects brought about by
global climate change. Although not a new phenomenon, worldwide climate
change predictions continue to increase in scale and have recently been given
increased attention across the globe. In order to fight the looming climate
crisis, it is understood that nations and individuals need to come together
and collectively work to reduce carbon emissions. During December of 2015
the world came together and the Paris Climate Agreement was signed by
countries from all over the world in an attempt to mitigate the devastating
effects of climate change. One of the leading points of the agreement was to
curb temperature increase by the end of this century to only two degrees Cel-
sius [3]. Currently, renewable energy technologies make up only 11 percent
of the United States’ overall energy consumption, where 81 percent of energy
is produced by burning fossil fuels [4]. The efficiency of renewable energy
technology has vastly improved over the recent years, but still struggles with
intermittency, an issue from which fossil fuels do not suffer [5].
In order to solve this issue, large scale energy storage has been proposed
as a way to capture the energy that is not used during peak production
hours for later consumption [5, 2]. Many different possible clean storage so-
lutions exist, such as flywheel energy storage, pumped hydro, combined fuel
and electrolysis cells, and the more typically known electrochemical energy
storage solutions such as lithium-ion batteries [6]. Electrochemical energy
storage is a strong candidate for large scale energy storage given its current
state of development and long history. Large batteries have been created for
use in electric vehicles for many years, and recently small amounts of electro-
chemical energy grid storage have been implemented as well [7]. Consumer
electronics also widely use rechargeable lithium ion batteries, although the
power requirements are much smaller. The new desire for higher voltage
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batteries across many industries has prompted research and development in
this field in order to innovate and improve electrochemical energy storage.
Current liquid lithium-ion technology suffers from hazards such as flamma-
bility that make it dangerous for use in high capacity applications [1, 2]. Use
of solid materials as an electrolyte could solve these safety and stability issues
as well as offer some high specific capacity alternatives to liquid lithium-ion
technologies, both of which would be advantageous for the application of large
scale energy storage. Additional advantages of solid electrolytes include their
ability for higher voltage applications and longer cycle life [1, 2].
This has motivated research of new materials for solid electrolytes, inves-
tigating their ionic conductivity and electrochemical stability window. Sta-
bility of the electrolyte allows it to function properly while in contact with
the cathode and the anode, while being held at high applied voltages. Good
conductivity is necessary for an electrolyte in a lithium-ion battery because it
acts as the connecting membrane between the two electrodes. Many different
characteristics of a material contribute to its ionic conductivity, and because
of the large number of these characteristics, a fully successful identification
procedure for screening new materials in the hopes of finding fast superionic
conductors has not yet been created. Many of these descriptive material
characteristics are applicable at the atomic scale, which can be difficult to
quickly and effectively study using experimental methods. Because of this
difficulty, computational modeling is often used to simulate crystal structures
on a small scale and gain a deeper understanding of the underlying physics
governing ion conduction.
The many factors that affect ion conductivity in solids complicate the dis-
covery and testing of new solid electrolyte materials. Many times crystal
structure is investigated as a possible influence on ionic conductivity due to
the necessity for a path through which the mobile ion in the material can dif-
fuse [1]. Oxides, thiophosphates, and recently halides have all been found to
exhibit high lithium conductivity through different conduction mechanisms
[8, 9, 10]. Often times, ions will diffuse via a vacancy or interstitial mecha-
nism [11]. However, it has been found that in many fast ion conductors the
ions will move in a correlated motion because the energy barrier to hopping
is effectively much lower than traditional isolated hopping mechanisms [12].
Layered materials can have a clear 2D conduction channel for the mobile
ions, as is the case in CuCrSe2 [13]. Contrarily, NASICON and LISICON su-
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perionic conductors contain clear conduction channels as well, but with 1D or
3D conduction pathways as opposed to 2D [1]. These factors and the ways
they relate to ion conductivity will be discussed in detail in the literature
review section.
While crystal structure and a sizeable conduction pathway are important
for ion conduction, there have also been studies that focus on the dynamic
properties of materials and their relation to conductivity. One such example
is the correlation between the softness of the lattice and fast ion conduction
[14].The phonon band center of the mobile ion and the conductivity have also
been shown to have association, suggesting a potential for high-throughput
prediction [15]. One common method for improving conductivity of a known
fast or mediocre ion conductor is to substitute in a more polarizable anion in
the crystal lattice, a technique that also softens the lattice. This method has
found some success, but the polarizability of the anions can not be considered
as completely isolated from the optimal size of the conduction pathway or the
local bonding effects that connect the lithium ions to the anion sublattice.
A single property that can be used to identify ion conduction in solids
(other than costly experiments and lengthy simulations that directly calculate
the conductivity) likely does not exist. Fortunately, there are many different
ways to observe conductivity and think about the relation between material
properties. This leaves room for more research and innovation with respect
to understanding the physics of solid state ion conduction.
Ions travel through a material usually through a direct hopping mechanism,
often involving a vacancy or interstitial site in the lattice. The ion will hop
directly and independently from one low energy site to the next, simulating a
random walk through the 3D crystal framework. This can be used to derive
the conductivity equation, which relates the conductivity (σ) of a material
to the activation energy (EA), the temperature (T ), and the prefactor (σ0).
σ = σ0e
−EA/kT (1.1)
For a material to exhibit fast ion conduction at room temperature, the activa-
tion energy to hopping must be low while also maintaining a high prefactor.
The prefactor in the conductivity equation is dependent on a lot of different
parameters, the most impactful of which are the attempt frequency, the jump
distance, and the entropy of migration [16]. The attempt frequency can be
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defined as the number of attempts an ion makes to jump to an adjacent low
energy site from its equilibrium position. This is related to the vibrational
frequencies that exist in a material as phonons are necessary to excite an
atom away from its equilibrium position. The jump distance is how far the
ion has to travel to reach the next low energy spot in the lattice. If this jump
distance is large, then the ion will need to travel further each time it moves
from its equilibrium position in order to permeate the crystal lattice. The
jump distance is largely dependent on the configuration of a material and
bond length. Lastly, the entropy of migration can be thought of as the num-
ber of available pathways for the mobile ion to take between energetically
available sites in that lattice. The more pathways that are available to the
ion, the more likely that it will make its way from one site to an adjacent
site. So a high entropy of migration is favorable for fast ion conduction.
In this work, three different materials are investigated in order to better
understand the relationship between lattice dynamics and ionic conductivity.
The first material, LiCs2YCl6, is a non-conducting solid, which was chosen
due to its similarity with a fast ion conducting halide, Li3YCl6. Lastly, a
known sodium superionic conductor, sodium β alumina, was chosen to rep-
resent the class of superionic materials. With representatives from a non-
conducting solid, a fast ion conductor, and a superionic conductor, we in-
vestigated the relationship between lattice dynamics, geometric frustration
induced disorder, and ionic conductivity with the hopes of coming closer
to finding a suitable set of material properties that can be used in a high-
throughput capacity.
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CHAPTER 2
LITERATURE REVIEW
In order for a material to be a fast solid ionic conductor, there must be
a pathway for which the mobile ions to diffuse, called the conduction path-
way. A conduction pathway (or conduction channel) is the path through the
crystal structure that the ion is able to take, as this is where the activation
energy barrier to conduction is the lowest [1]. Two overarching categories
can be created to encompass the different characteristics that determine a
material’s ionic conductivity. These categories are static crystal properties
and dynamic material properties.
Static crystal properties correspond to properties that are void of move-
ment within the lattice, such as the arrangement of atoms in a given crystal
structure. Each atom has a specific location in the lattice, and barring any
outside intervention, the atoms will continue to occupy that specific location.
Changes made to the static crystal properties of a lattice impact the size of
the conduction pathway in a material, which in turn affects the ability of
the diffusing ion to travel through the material. For example, substituting
a larger anion into a lattice in a position such that it borders the conduc-
tion pathway could constrict a bottleneck to mobile ion diffusion. Thus it is
easy to image that if the conduction channel size is reduced, it will be more
difficult for the mobile ion to move through the lattice.
Dynamic material properties describe the movement-related characteris-
tics of a material. This includes the vibrational properties of the lattice
(phonons) as well as the conduction mechanism the mobile ion uses to dif-
fuse through the lattice. If a material exhibits specific vibrational modes,
then the diffusing ions could have a higher probability of jumping from one
lattice site to another site, leading to faster ionic diffusion [16, 8, 17].
In order to design a high-throughput algorithm that has the ability to pre-
dict new fast ion conductors, one must first understand the properties of a
material that make it a fast ion conductor. Many studies have focused on
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both static and dynamic properties of materials, looking into optimal crys-
tal structure, disorder of the mobile ion sublattice, effects of polarizability,
geometric frustration, and existence of a new conduction mechanism. While
all of these properties have been investigated, none have been found that
individually and absolutely predict fast ion conductivity in solids. In this
section, I will review literature that has investigated fast ion conductivity in
solid materials, first by going through studies focusing on static properties
and through ideas related to dynamic properties of solid ion conductors.
Static Crystal Properties
Composition
Modifying certain aspects of any given material has the ability to change
the size or shape of the conduction channel, which in turn changes the abil-
ity of the diffusing ion to travel through the material. Changing the chem-
ical composition of a material is one way in which this is achieved [1, 18].
When one changes the composition of a material, different atoms are be-
ing introduced into positions in the crystal structure causing the structure
itself to change shape. A certain makeup of atoms or molecules may al-
low for a crystal structure with a wider conduction pathway, giving the dif-
fusing ions more room to move [18]. For NASICON type materials of the
form Na3Zr2−x/4Si2−xP1+xO12, where 0 < x < 2, the composition greatly
affects the size of the bottlenecks in the material, which is predicted to be
the ion hopping rate determining factor in this case [19]. In the case of
Na3SbSe4−xSx, varying the sulfur composition results in a change of unit cell
size. For values of increasing x from x = 2 to x = 4, the conduction channel
widens and we see a paired increase in unit cell size and lithium conductivity
[18]. However, if we observe the entire spectrum of the changing material
composition from x = 0 to x = 4, it is the end points that result in the high-
est conductivity(x = 0 and x = 4) [18]. Thus we observe in this specific case
how the size of the diffusion pathway cannot be taken as the sole predictor
of ion conductivity in a material.
Since the diffusing ion is interacting with each atom along the conduction
pathway, the charges of the mobile ion and the surrounding stationary ions
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are important to the relative ability of the mobile ion to diffuse through
the material [1]. It should be noted that in certain circumstances a narrower
conduction channel may also result in increased ionic conductivity as it better
matches the size of the diffusing ion. A diffusing ion that is too small will
still struggle to diffuse through the material [1].
Microstructure
Certain properties of the microstructure can also change the ionic con-
ductivity of a material [1]. Depending on the microscale makeup of the
material, the conduction pathway can be greatly affected. Grain boundaries
in a material often inhibit ion diffusion [1]. In most materials larger grains
are favorable, as there will be less boundaries where the crystallographic
conduction pathway from one grain does not line up with the conduction
pathway from another grain [1]. The overall conductivity in ion conducting
materials is often directly related to the conductivity at the grain boundaries
[1, 10]. LLTO is a superionic conductor where the domain boundaries are
important in understanding the ionic conductivity of the material [10]. The
90 degree domain boundaries inhibit ion diffusion through the material, and
it is proposed that engineering the microstructure of these materials could
potentially improve the ionic conductivity by three orders of magnitude [20].
For example, adding flux agents such as SiO2 and Al2O3 in the case of LLTO,
can significantly increase the conductivity at grain boundaries [1]. Thus en-
gineering the microstructure of a material is a good way to increase the
conductivity of an already known bulk fast ion conductor.
Disorder and Frustration
A disordered arrangement of ions in the mobile ion sublattice is thought
to be a good descriptor of fast ion conductivity in solids. When a mobile
ion sublattice is disordered there are multiple locations in the lattice with
very similar formation energies that the mobile ion can occupy. The barrier
between these lattice sites is most likely small due to the fact that the lattice
sites are nearly energetically degenerate. One example of a disordered mo-
bile ion sublattice is in the material CuCrSe2. The copper sublattice in this
7
material becomes disordered at the order-disorder temperature and simulta-
neously becomes a superionic copper conductor [13]. Thus the necessity for
a disordered mobile ion sublattice is strongly suggested by the properties of
this material. However, a disordered sublattice does not contain any infor-
mation about the conduction pathway, which is still necessary for there to
be ion movement throughout the entire crystal.
One possible way to predict disorder in a material is by looking at the
crystal structure. Geometric frustration can dictate whether, at a certain
composition, a crystal lattice will exhibit disorder [21]. Consider the example
of a lithium ion conductor where at a given amount of lithium in the lattice
each of the lowest energy sites are filled. At this point, if we were to add
more lithium to the lattice, that lithium would have to occupy a slightly
higher energy site. Thus in this scenario, the lattice is frustrated such that
the new lithium ions must occupy a different site in the lattice than the
inherent lithium, leading to disorder in the mobile ion sublattice. As long as
the lithium conductor does not undergo a phase transition, it will exhibit a
disordered lithium sublattice [21].
Atomic Substitution
When one atom is substituted for another atom, at the atomic scale this
can change the shape of the unit cell and the polarizability of the stationary
ions along the conduction pathway [1, 8]. If substituting this atom warps the
structure such that the conduction pathway is wider than before, then this
could possibly result in increased ionic conductivity. Similar to the larger
case of varying the overall material composition, substituting a single atom
accomplishes the same goal but on the atomic scale and does not suffer from
phase transitions or other macroscopic changes.
If the substituted atom is more polarizable, then the mobile cation repels
the electron cloud associated with the substituted stationary anion, displac-
ing it more than it’s previous site occupant and allowing more room for the
mobile ion to move through the conduction pathway. The interaction of the
mobile ion with the stationary ions in the crystal structure has changed be-
cause of the substitution, and when the substituted ion is chosen correctly
this can have a significant effect on the conductivity [1]. While introduced in
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Figure 2.1: Once treated separately, the static and dynamic properties are
not independent due to the paired behavior of the activation energy and
the prefactor.
the static crystal properties section of this review, the polarizability also con-
tributes to the overall softness of the crystal lattice, a dynamical property,
showing how the static and dynamic properties of the crystal lattice can-
not be treated as completely independent. Figure 2.1 shows how although
static and dynamic properties are often thought of separately, they are not
completely independent.
Dynamic Material Properties
Focus has long been given to lowering the net activation energy of the
ionic hopping mechanism in order to increase the conductivity of a material.
By looking at the formula for ionic conductivity, we can observe how this
method is not entirely effective as the conductivity is dependent on both the
activation energy (EA) and the prefactor (σ0).
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σT = σ0exp
(
− EA
kBT
)
(2.1)
Therefore lowering the activation energy does indeed lower the conductiv-
ity, but in many cases the prefactor also lowers in a fashion such that the
relationship between the activation energy and log of the prefactor is linear
[17, 16, 8, 14]. Thus one cannot only focus on lowering the activation energy
in the hopes of increasing the conductivity, but must also focus on the effects
of the changing prefactor as well.
Recent studies have been focusing on the effects of the dynamics of the
lattice on the ionic conductivity of a material. It was previously thought that
the softer the lattice, the higher the conductivity of a material. However, this
does not necessarily still hold true due to a paired lowering in the activation
energy and the prefactor [22]. The prefactor is dependent on many different
variables, but the attempt frequency and entropy of migration (Sm) have
been highlighted as the main contributing factors controlling its lowering as
the crystal lattice softens [14].
σ0 = σ00exp
( Sm
kBT
)
(2.2)
In Equation (2.2), σ00 depends on the attempt frequency and a number
of other variables that are material dependent, but do not contribute much
to the lowering of the prefactor. The attempt frequency tells how many
times an atom tries to jump from one site in the lattice to another site.
The entropy of migration describes the number of available pathways for the
mobile ion to take when jumping from one site to another [23]. A smaller
attempt frequency results in a lower probability of a mobile ion advancing in
the crystal lattice and a smaller entropy of migration results in less available
pathways for the mobile ion to get from one site to an adjacent site.
The linear relationship between the log of the prefactor and the activation
energy follows the Meyer-Neldel rule [24, 16, 8, 14, 17]. The Meyer-Neldel rule
is an empirically observed relationship that exists in many different fields of
study, only one of which is solid state ionics [24]. When observing this rule
in experiment, the slope of the linear relationship is found to be inversely
proportional to the energy scale of the phonon excitations (∆0) [14]. The
Meyer-Neldel rule is followed by almost all superionic conductors [14]. These
10
usually nonstoichiometric compounds are predicted to diffuse via a concerted
mechanism as long as the concentration of mobile ions is large enough in the
given material [12]. Alternatively, a well studied material in the field of solid
superionic conductors is β′′ Alumina. It is mentioned here to note that β′′
Alumina does not follow the Meyer-Neldel rule when substituting a different
mobile ion in the material [14, 25].
One all encompassing theory explaining the Meyer-Neldel relation in ionic
diffusion does not yet exist. Multiexcitation entropy theory can be used to
explain the slope in the Meyer-Neldel rule as being inversely proportional to
the energy scale of the phonon excitations [14], whereas previously this rela-
tionship was only empirical. A recent paper that cites this theory also solves
for the intercept of the Meyer-Neldel line using the Gibbs free energy(Gf ),
with
ln(σ0) = ln(σ00) +
Gf (T0)
2∆0
+
EA
∆0
, (2.3)
where T0 =
∆0
kB
[14]. Between these two proposed theories we have two halves
of a whole theory for the reason we see the Meyer-Neldel linear relationship
in superioinic conductors.
It should also be noted here that Equation (2.1) is derived using a random
walk model of atomic hopping. This model was chosen because in many cases
of ion diffusion in materials, the ions do not interact with one another and
can be treated as separate entities. The concerted ion hopping mechanism,
a diffusion mechanism exhibited often in superionic conductors, involves cor-
related movement between the mobile ions. Thus if this diffusion mechanism
is present in a material, the derivation for Equation (2.1) is not necessarily
valid, and any extrapolation or conclusions drawn about the prefactor and
activation energy should consider this fact.
Phonons
The interaction between phonons and ions has been extensively studied
in the past five years. A connection was found between lattice softness and
fast ion conduction, where a softer lattice implies weaker bonding between
ions in the lattice, therefore leading to ease of movement for the mobile ion
[16]. Figure 2.2 additionally shows how anharmonic bonding between the
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mobile atom and the anion sublattice greatly increases the distance that the
mobile ion can stray from its equilibrium position. Thus anharmonic effects
are important to include when considering atoms vibrating in the lattice and
its relationship to conductivity.
Studies have also found that a softer lattice, while favorable, does not
always lead to increased conductivity, and perhaps it is rather a stiff anion
sublattice combined with a soft mobile ion sublattice that leads to fast ion
diffusion [8, 15]. In this case, the anion sublattice provides a stiff framework
in which the mobile ions sit and are weakly bonded. The mobile ions are
then theoretically free to move throughout the anion sublattice, provided
there is still a conduction pathway through which the mobile ion can move,
without significantly affecting the stability of the material. Multiple studies
have looked at the phonon band center as a descriptor for lattice softness,
and even used this predictor to create a high-throughput algorithm to predict
fast ion conduction [15, 17, 26]. The algorithm predicted many compounds
that should be fast ion conductors, and one was tested and found to exhibit
high room temperature conductivity [26].
In addition to the phonon band center, another recent study looked at
the evolution of individual phonon modes across a superionic phase transi-
tion. The compound CuCrSe2 was studied and disappearing phonon modes
were found as the temperature passed the order-disorder temperature [13].
At this temperature the copper ions have enough energy to occupy an ad-
ditional site in the lattice and become disordered. This leads to fast copper
conduction within the rigid CrSe2 framework. While this material is not
suited for electrolyte applications due to its high electronic conductivity, this
study highlights a possibly interesting feature of superionic conductors and
their dynamic properties.
A recent paper suggested that what might be necessary for high ionic
conductivity is a stiff lattice at the static anion occupied sites, but a soft
lattice at the mobile cation occupied sites [16, 15]. A particular phonon mode
could have high amplitude at the mobile ion occupied site, but low amplitude
at the static ion occupied site. Investigation into this idea could potentially
be challenging and tedious given the computational cost of establishing the
full phonon spectrum. However, it might also be insightful and result in a
new screening technique.
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Figure 2.2: Weak bonding potential well versus a weak and anharmonic
bonding potential well.
Concerted Mechanism
Ions have the ability to diffuse via multiple different mechanisms depending
on the chemical makeup of a material. The direct hopping mechanism is the
most common mechanism of diffusion, involving a single ion diffusing through
a material jumping from one lattice site to another, whether it be through
the vacancy, interstitial, or interstitialcy mechanism [11]. Other mechanisms
include octahedral rotations and the paddle wheel mechanism, which involve
a rotation of the anions in the static lattice that allow the mobile cation to
move through the material [27, 28]. Recently, however, it has been proposed
that in order for a material to have superionic properties, the ions must diffuse
via the concerted hopping mechanism [12]. This mechanism involves a host of
atoms occupying adjacent sites that diffuse through the conduction pathway
together. The atoms push one another through the material resulting in a
lower energy barrier to migration than in the case of a single atom classically
diffusing via the same conduction pathway [12].
The concerted mechanism of ionic diffusion in a solid involves a joint move-
ment of the mobile ions through the material [12]. The concentration of mo-
bile ions must be high (at least locally), which then subsequently requires
some of the mobile ions to sit in a high energy site in the lattice.
At a low mobile ion concentration this site would be unoccupied, but in this
case the occupied high energy site helps lower the overall activation energy.
Since there is an ion at the high energy site, it helps push the neighboring
mobile ions up from the low energy site to the adjacent high energy site,
resulting in a lower net activation energy than the direct hopping case in the
13
Direct Hopping Mechanism
Concerted Hopping Mechanism
Position
Energy
Figure 2.3: Schematic of ions diffusing via concerted mechanism through a
typical migration energy barrier. High energy ions helps low energy ions
move up the activation energy barrier.[12]
same lattice (shown in Figure 3) [12].
It is theorized that in order for a solid to be a superionic conductor, the dif-
fusion mechanism allowing such a low net activation energy is the concerted
mechanism [12].
Connection Between Static and Dynamic Material
Properties
Static and dynamic crystal properties are not independent. When substi-
tuting an larger atom into a crystal and subsequently increasing its overall
unit cell volume, one would expect the conductivity to increase. However,
the size of the atom is not the only property that will have an effect. Other
properties such as the electronegativity difference, polarizability, and charge
also affect the conductivity and many times do not exhibit their effect stati-
cally, but rather show up in the dynamic properties of the material. A prime
example is in the superionic conductor LGPS, where an optimal composition
of Li10GeP2S12 has been found to exhibit the highest possible conductivity
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for this material [29]. Attempts were made to substitute selenium for sulfur
in an attempt to increase the volume of the lattice and therefore increase the
size of the conduction pathway. In this study they find that while introduc-
ing selenium does increase the volume of the cell, it actually causes to form
a structural bottleneck on the conduction pathway [29]. Thus increasing the
volume did not result in a larger diffusion pathway in this case. They also
found a softer lattice due to the introduction of selenium as compared to
sulfur. Due to existing theories discussed here in the dynamic material prop-
erties section, this would also coincide with fast ion conduction. However,
the electronegativities of the atoms change the local structure of the bonding
with lithium, causing the mobile ion diffusivity to again decrease [29]. Local
effects are very important in determining conductivity, but not always prac-
tical to study. It is also shown here that static and dynamic properties are
not independent. Increasing the volume was accomplished while simultane-
ously softening the lattice, both of which are proposed predictors of fast ion
conductivity, and thus are not independent.
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CHAPTER 3
METHODOLOGY
Density Functional Theory
The field of quantum mechanics describes the fundamental interaction be-
tween particles at the atomic scale. Development of the Schro¨edinger equa-
tion had a significant effect on many fields working at this scale, including
materials science. One approximation to the Schro¨edinger equation proven to
be sufficiently accurate is the Born-Oppenheimer approximation, where the
nucleii and electrons in a crystal are treated separately as the electrons are
readily mobile and the nucleii are not. This approximation is still extremely
difficult to solve for complex many electron systems, such as the examples
we are interested in studying here.
Density functional theory (DFT) uses two theorems from Hohenberg and
Kohn, one of which relates the energy of the Born-Oppenheimer Schro¨edinger
equation to a functional of the electron density. The second then finds that
the minimizing electron density of this functional corresponds to the robust
solution to the actual Schro¨edinger equation [30]. Additionally, a theorem
proposed by Kohn and Sham reduces the many body equation to a single
equation dependent only on three variables [31]. With these three theorems,
the Born-Oppenheimer Schro¨edinger equation is reduced to a lower dimen-
sional problem that is computationally solvable in real time for complex
systems, yet still often contains the fundamental physics that governs atomic
scale interactions. Using density functional theory offers a quick and the-
oretically insightful alternative to experimentation. Limited mainly by size
effects and computational expense, DFT is one of the most accurate methods
used in computational materials science and chemistry. Many different elec-
tronic properties of materials can be found using DFT, but in this work DFT
was used to find the phonon properties of each material by finding the mini-
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mum energy atomic configurations and computing the forces experienced by
atoms in a crystal lattice.
Calculations using the Perdew-Burke-Ernzerhof (PBE) generalized gradi-
ent approximation (GGA) implemented in the Vienna Ab Intio Software
Package(VASP) were used to calculate the phonon properties of each mate-
rial under study [32, 33]. The Projector Augmented Wave (PAW) method
was used to model the core electrons in the crystal. Self consistent calcula-
tions were first used to find the equilibrium positions of the atoms in each
respective configuration. A plane wave energy cutoff value of 520 eV was used
and the forces on the atoms were reduced below 1e-06 eV/A˚. Each crystal
structure differs in size and symmetry, so the number of k-points varied for
each material. Force calculations on the individual atoms were completed
using an electronic convergence criterion of 1e-08 eV.
Harmonic approximation
Phonon properties were calculated using the harmonic approximation as
implemented in Phonopy [34]. Harmonic force constants and equilibrium
atom positions obtained with DFT are used to create the dynamical matrix
(D), which appears in the eigenvalue equation solved to find the phonon
frequencies (ω) and eigenvectors (e) associated with a wave vector q [35]:
ω2(q, ν)e(q, ν) = D(q)e(q, ν). (3.1)
As the name suggests, the harmonic approximation refers to truncating the
expansion of the equilibrium potential energy of the system at the second
term, as shown in equation (6) of reference [35]. This corresponds to treating
each phonon mode as individual harmonic oscillators that do not interact.
Intuitively, the results of the eigenvalue equation are phonon frequencies
that are positive real values. If the eigenvalue equation is solved and imag-
inary frequencies are found for the phonon modes, this suggests either an
instability in the material or a numerical inaccuracy in the calculation, and
is represented on the phonon spectrum and density of states as a negative
frequency vibration. Phonopy uses symmetry of the crystal structure to limit
the amount of computational time necessary by reducing the number of wave
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vectors that require calculation [34].
Nudged Elastic Band Method
The Climbing Image Nudged Elastic Band (NEB) method was used to
study the migration energy barrier in both the a-b plane and along the c-
axis in Li3YCl6 [36]. The NEB method is used to investigate the transition
state between initial and final equilibrium positions. This is accomplished
through creating multiple images along the expected path and optimizing
their positions until they reach the minimum energy path. Additionally, the
climbing image NEB method also recognizes the image closest to the saddle
point along the minimum energy path and modifies the algorithm used to
determine its position in such a way that the converged final position of this
particular image will be the saddle point.
The NEB method uses spring forces between the images and forces felt
from the surrounding environment to find the minimum energy pathway.
The external forces act to move the images perpendicularly to the pathway,
and an optimization algorithm is used to minimize the forces such that the
positions of the images lie along the minimum energy pathway. The spring
forces then move the images along the pathway such that the spacing between
the images is optimal for the given shape of the transition energy barrier.
The climbing image version of the NEB method finds the image closest to
the saddle point and modifies the algorithm such that this image reacts to
external forces in both the perpendicular direction and along the conduction
pathway, and ignores the spring forces that the other images are subject
to. This allows the identified image to move towards the very top of the
saddle point along the minimum energy pathway, which offers a much more
accurate picture of the overall height of the migration energy barrier. Since
the maximum of the migration energy barrier directly relates to the overall
diffusion rate, this addition to the NEB method is very important in the case
of studying ionic conduction in solids.
A 1x1x2 supercell of Li3YCl6 was used in the NEB calculations in an at-
tempt to minimize size effects. Both initial and final equilibrium positions of
the ionic jump were simulated and the forces on the atoms were reduced be-
low 1e-02 eV/A˚. Each NEB calculation used an energy convergence criterion
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of 1e-08 eV and force criterion of 1e-02 eV/A˚. The c-axis diffusion pathway
has been theorized to contain a typical direct octahedral-octahedral transi-
tion and is the favored pathway for lithium migration [37]. Alternatively, the
a-b plane of Li3YCl6 contains an octahedral-tetrahedral-octahedral transition
such that the tetrahedral site is an intermediate energetic local minimum in
the transition energy barrier [37]. On first attempt, three images were used
for both NEB calculations. After viewing the results, this was deemed suffi-
cient for the direct hop along the c-axis, but was unable to accurately capture
the local minimum in the migration energy barrier in the a-b plane. Thus
this calculation was broken into two separate calculations, where the inter-
mediate tetrahedral site acted as the final equilibrium site in the first jump
and the initial equilibrium site in the second jump. Each calculation used
three images to accurately capture the shape of the barrier on either side of
the intermediate tetrahedral site.
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CHAPTER 4
SUPERIONIC CONDUCTOR CASE
STUDY: BETA ALUMINA
Crystal Structure
One of the most studied superionic conductors is sodium β alumina. This
material is unique in many ways, one example being that it contains two
very similar phases with almost identical crystal structures, but that exhibit
different properties when it comes to fast ion conduction. These phases are
β and β′′, of which both are non-stoichiometric fast sodium conductors that
both form during synthesis. In the analysis presented here we show the
many ways in which β and β′′ differ, from their conductivity to the slight
shifts in the orientation of their conduction planes. Each phase was studied
for differing concentrations of sodium ranging from NaAl11O17 to Na2Al11O17.
Both the static crystal structure and lattice dynamics were analyzed.
The crystal structures of β and β′′ consist of layers of sodium and oxygen,
which will be referred to as the “conduction plane,” separated by thick blocks
of aluminum oxide (Al2O3) arranged in a close packed spinel structure. The
sodium is contained in the 2D conduction plane, referred to as such because
sodium is able to diffuse throughout the material using the conduction plane
as its mobile pathway. The thick aluminum oxide spinel blocks isolate the
layers of sodium from one another in such a way that the sodium is not able
to jump vertically across a spinel block from one conduction plane to the
next.
Although the structures look virtually identical, there are key distinctions
that result in large differences in properties such as the concentration of
sodium each phase prefers (although both are non-stoichiometric) and sub-
sequent effects on the conductivity. Figure 4.1a shows an equivalent per-
spective of each phase. The β phase (space group P63/mmc) contains in the
unit cell two layers of sodium and oxygen separated by one full spinel block
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of alumina that is sandwiched between two half spinel blocks of alumina.
Each sodium conduction plane in β alumina is a mirror plane (containing
a 1:1 ratio of sodium to oxygen in the preferred stoichiometry), such that
the spinel block above and below the conduction plane are mirror images
of one another. This results in sodium being perfectly centered between six
oxygen atoms located in the spinel, three above and three below, forming an
octahedral arrangement. The β phase prefers to form with the composition
NaAl11O17 (or equivalently Na2O-11Al2O3). This will be referred to as the
“stoichiometric concentration” for both β and β′′.
Caption: a) Crystal structure of ! and !′′ alumina. 2D conduction planes populated with sodium are separated by spinel blocks of aluminum 
oxide. b)  2D view of stoichiometric !′′ conduction plane. Inset: Unit cell of 2D conduction plane with the possible sodium occupied sites. C) 
Frustrated !′′ conduction plane. As soon as any sodium is added to the stoichiometric conduction plane, the lattice frustration induces disorder 
in the 2D sodium sublattice. c) Fully sodiated conduction plane.
Purpose: Introduce the crystal structure of ! and !′′. Set the stage for future conduction plane analysis and comparisons between ! and !′′. I 
want to show how the conduction plane in sodium beta alumina is frustrated, inducing disorder in the sodium sublattice. Disorder is often a 
signal that a lattice has high ionic conductivity. 
Stoichiometric	Conduction	Plane
NaAlO
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Figure 4.1: a) Crystal structure of β and β′′ alumina. 2D conduction planes
populated with sodium are separated by spinel blocks of aluminum oxide.
b) 2D view of stoichi metric β′′ conducti n plane. Inset: Unit cell of 2D
conduction plane with the possible sodium occupied sites. c) Frustrated β′′
conduction plane. As soon as any odium is a ded o the stoichi metric
conduction plane, the lattice frustration induces disorder in the 2D sodium
sublattice. d) Fully sodiated conduction plane.
The unit cell of the β′′ phase (space group R3m) contains three sodium
layers separated by two full spinel blocks and sandwiched again between two
half blocks of alumina. Unlike β, the sodium conduction planes in β′′ are not
mirror planes. In the case of β′′, the spinel blocks are twisted slightly from
the mirror configuration in β such that the equilibrium position for sodium
has a different coordination of oxygen. In Figure 4.1a, we can see that sodium
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has only four bonds with oxygen (visible in the image), as opposed to the
six bonds in the β phase, making it a tetrahedral site. This is because
in β′′ alumina, the sodium sits in such a position in the conduction plane
that it is centered between three oxygen located below it (as in β), but
only a single oxygen above it. Thus the total number of bonds the sodium
atom in β′′ forms with oxygen is four as opposed to forming six bonds with
oxygen in the β phase. Using DFT, we determined the difference in formation
energy between the phases, and found that β′′ exceeds β by an amount of
only 0.0024 eV per atom at the nominal stoichiometry. Thus considering
only the stoichiometric concentration so far, the reason for this shift might
seem mysterious, but can be explained when considering that β′′ prefers a
composition with higher sodium content than does β. In fact, the sodium
atom in the stoichiometric configuration of β′′ is shifted slightly below the
center line between the two spinel blocks. Subsequently, the single oxygen
atom accompanying the sodium in the conduction plane is shifted slightly
upward. When more sodium is introduced into the β′′ phase, there is a second
unoccupied tetrahedral site in the crystal lattice where the new sodium atom
sits. In comparison, the β phase has no such unoccupied tetrahedral site.
Sodium β′′ prefers compositions closer to Na2Al11O17 (or Na2O-5.5Al2O3).
Each conduction plane in β and β′′ at the stoichiometric composition con-
tains a 1:1 ratio of sodium and oxygen. In Figure 4.1b, a stoichiometric con-
duction plane is shown with a 2D unit cell expanded to describe the various
lattice sites. In equilibrium, the sodium occupies the Beevers-Ross position
in the lattice [38]. When more sodium is introduced to the structure, it can
either occupy the mid-oxygen or the anti-Beevers-Ross site [38]. Relaxations
of the structure using DFT reveal that if a single sodium atom is introduced
into this structure, the anti-Beevers-Ross site is energetically more favorable
than the mid-oxygen site. Subsequently, as more sodium is introduced into
the structure, they will fill all of the anti Beevers-Ross sites that are available
in the lattice until the conduction plane becomes fully sodiated.
Frustration induced disorder
At the stoichiometric configuration, each Beevers-Ross site in the lattice is
occupied. This means there are no more low energy sites available. If more
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sodium were to be introduced, regardless of the location the sodium chooses
to take, whether it be the mid-oxygen site or the anti Beevers-Ross site, it will
sit at a higher energy site than the inherent sodium. This signifies that the
lattices of both β and β′′ are geometrically frustrated at the stoichiometric
configuration.
This frustration can be compared to the simple example of an anti-ferromagnetic
triangular lattice Ising model. Consider just a single triangle in the lattice
and add a spin up and spin down to the first two sites in the triangle. Re-
gardless of whether we add a spin up or spin down to the last site in the
lattice, the energy will be the same and neither option will result in as low
an energy as the ferromagnetic model on the same lattice. This lattice is
therefore frustrated, because there is no possible choice for the last spin that
will not raise the energy of the entire system.
We can use this as an analog to the case of crystallography where a spin
up corresponds to an occupied lattice site and a spin down corresponds to
an unoccupied lattice site. Occupied sites want to maximize their separation
and thus prefer unoccupied neighbors, similar to how spin up sites prefer to
have spin down neighbors. An example of this is seen in the conduction plane
of β′′ alumina. At the stoichiometric composition, the sodium maximize their
spacing by first occupying the low energy Beevers-Ross sites until all are filled.
At this point the lattice becomes geometrically frustrated because no matter
where the next sodium atom is added to the lattice, it will be forced to sit at
a high energy site in the crystal, raising the overall energy of the material.
Although this simple concept would be true for many crystal structures, the
size of the inherent vacancy in β′′ alumina is large enough such that the new
sodium can successfully occupy that site without inducing a phase change.
At intermediate concentrations, between NaAl11O17 and Na2Al11O17, the
sodium has large numbers of available anti-Beevers-Ross sites that are all
relatively degenerate (barring minimal effects from second and third neigh-
boring atoms). Thus at these configurations, the sodium in the conduction
plane is disordered, induced by the geometric frustration of the lattice. As
discussed in the literature review section, disorder is important for fast ion
conduction because having a disordered lattice implies there is near degener-
acy with regard to the energy of many different configurations. This results
in a low energy barrier to migration from one configuration to the next, as
each one likely contains atoms located in the saddle point positions in the
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energy landscape. Additionally, having disorder in the lattice also implies
that there are vacant sites to which the mobile ion is available to move. This
is a requirement for ion conduction to take place in a material, for without
an unoccupied site for the mobile ion to jump it will remain stagnant in its
equilibrium position.
Since sodium occupies neighboring high and low energy sites in the lattice
at intermediate compositions, this opens the door for the concerted hopping
mechanism to take place in the material, which is thought to significantly
contribute to reducing the overall migration energy barrier to hopping in fast
ion conductors. This is commensurate with results from previous studies that
have shown the concerted hopping mechanism to be favorable in this class of
materials [39, 40].
Lattice Dynamics
Phonon properties of β and β′′ alumina were calculated using the harmonic
approximation with density functional theory to evaluate the force constants.
Results of the phonon band structure and partial density of states for various
concentrations of sodium are shown in Figure 4.2. Silicon (4+) and Magne-
sium (2+) were introduced into the center of the spinel block in the crystal
structure in order to enable addition of a sodium atom while maintaining
charge neutrality for the cases of reduced and increased sodium content re-
spectively. An expression for one such substitution is shown below:
NaAl11O17 + Mg
′
Al + Nai → Na2Al10O17Mg. (4.1)
The phonon spectrum of each material at every composition reveals flat
bands throughout the lattice, which corresponds to an abundance of low
group velocity phonons. Low group velocity phonons can indicate a weakly
bonded lattice, which as discussed in the literature review section, is often
advantageous for fast ion conductivity. Each crystal structure and each com-
position contains these flat bands, which suggests that the soft lattice modes
associated with the flat bands are due to an interaction of atoms that exists
throughout each example.
In this case we see that the cutoff frequency for both β and β′′ is quite
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Caption: Phonon band structure of ! and !′′ crystal structures at different concentrations of sodium. Phonon partial density of states of ! and !′′ crystal structures at 
different concentrations of sodium.
Purpose: Display multiple phonon properties of each crystal structure at different concentrations of sodium. Key features include stiffness of the lattice, flatness of the 
bands, and where negative modes exist. Display phonon properties of each crystal structure at different concentrations of sodium. Key features include low sodium 
phonon band center, coupled vs. decoupled sodium and anion phonon modes, overall stiffness of the lattice, where negative modes occur and which atoms they 
correspond to.
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Figure 4.2: a) Phonon band structure of β and β′′ crystal ructures at
different concentrati ns of sodium. b) Phonon partial de sity of s ates of β
a d β′′ crystal struct res at differ nt concentra ons of sodium.
high (35 THZ). This indicates a large number of high frequency phonons that
exist in the material. High energy vibrations indicate a stiff lattice and strong
bonding in the crystal structure, both of which are generally not desirable for
fast ion conductivity. From studying the partial density of states for β and β′′
we can identify that the high frequency phonon modes in the material are all
associated with vibrations of aluminum and oxygen (the spinel blocks) and do
not involve sodium. In fact, the sodium vibrations in the material are entirely
low frequency vibrations, with a cutoff frequency around 5 THz for each phase
and at every concentration. This property is unique as it appears in β and β′′
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alumina that there is a soft sodium sub-lattice contained within a rigid anion
framework of alumina. Therefore, sodium is weakly bonded to the alumina
spinel blocks, but the framework surrounding the sodium atoms is compact
and durable. Sodium is free to move throughout the crystal in the conduction
planes. Although not observed often in known fast ion conducting materials,
β alumina’s soft mobile ion sub-lattice contained within a stiff anion sub-
lattice of aluminum oxide provides a good reference when searching for new
superionic conductors.
One interesting feature to notice in the partial density of states for both
β and β′′ at the stoichiometric concentration and β′′ at the high sodium
concentration, is the existence of isolated sodium phonon modes. These are
modes that primarily involve vibrations in the conduction plane while the
spinel blocks remain unexcited. Due to the low frequency of the sodium
modes throughout these materials, the isolated modes exist at frequencies
below those of the anion sub-lattice. Thus, these sodium-dominated modes
will have little interaction with higher frequency phonons and involve less
chances of scattering, resulting in sustained large amplitude sodium vibra-
tions. The further sodium deviates from its equilibrium position, the higher
the chances of that atom interacting with another low frequency phonon. If
the sodium atom interacts with enough phonons or phonons of the proper
energy to take it to another site in the lattice, the result is continual sodium
movement throughout the crystal structure.
Imaginary (ie. decaying) frequency phonons are typically shown with neg-
ative frequency on the phonon spectrum. This is not a physical phenomenon
and is a result of solving the eigenvalue equation discussed in the methods
section. An imaginary frequency usually corresponds to either a numerical er-
ror in the simulation or an instability in the material. Imaginary frequencies
near the gamma point often signify a numerical error, whereas in the case of
β and β′′ alumina we observe imaginary modes throughout the k-point path.
This suggests the imaginary frequencies in this case point to a instability
in the material. As noted earlier, both β and β′′ are non-stoichiometric,
which means they can contain varying amounts of sodium. In Figure 2, the
middle stoichiometric composition is preferred more by β, while the higher
sodium composition shown on the right is preferred by β′′. For both com-
positions, β exhibits significant imaginary modes throughout, while β′′ only
exhibits imaginary modes at points K and H in the stoichiometric compo-
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sition and around the gamma point for the high sodium composition. This
signifies that β feels much more of a tendency to deviate from its calculated
equilibrium configuration for these two compositions, which is interesting
considering it is a slightly more tightly packed crystal structure. This also
most likely indicates the onset of instability, which eventually results in a
phase transformation to β′′.
Figure 4.3: Real space visualization of imaginary modes in stoichiometric
β′′ alumina.
The imaginary modes of β′′ were investigated more thoroughly by visu-
alizing these modes in real space. For the stoichiometric concentration, a
schematic outlining the motion corresponding to the modes of stoichiometric
β′′ at point H is shown in Figure 4.3. Similar to the imaginary mode at
point K, the phonon mode associated with this instability consists of solely
in-plane motion of sodium atoms. The phase β′′, even at the stoichiometric
composition, feels a slight tendency to distort in a way that involves in-
plane sodium movement. We similarly investigated the shape of other low
frequency modes in β′′ and found that most of them also involve in-plane
vibrations of sodium atoms. A recent study conducted on the superionic
conductor AgCrSe2 revealed a breakdown of phonon modes corresponding
to in-plane silver vibrations upon entering the superionic regime [41]. At
this point the silver atoms become overdamped and no longer complete a
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full oscillation or return to their equilibrium position. Their motion becomes
stochastic and silver diffuses readily through the lattice. There are many
other similarities observed between β′′ alumina and AgCrSe2, such as the
fact that they are both layered materials, both diffuse via the concerted hop-
ping mechanism, and both exhibit significant disorder of the mobile ion. This
suggests that upon entering the superionic regime we would also expect the
low frequency in-plane sodium vibrations of β and β′′ to breakdown, result-
ing in overdamped sodium oscillations and stochastic motion through the
crystal.
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CHAPTER 5
SLOW AND FAST ION CONDUCTOR
CASE STUDY: LITHIUM HALIDES
Crystal structure
A new class of halide materials has arisen as potential solid electrolyte
materials with fast ionic conductivity and high electrochemical stability [9].
These materials share similar crystal structures and high lithium concentra-
tion with composition Li3MX6 (M=Y,Er and X=Cl,Br,I). Inherent lithium
disorder, along with limited trivalent cation disorder induces enhanced lithium
conductivity. Of particular interest in these materials is the high voltage
stability (above 4V), which is the range required for use with the cathode
candidate LCO.
The particular halide material that has been primarily studied in this work
is Li3YCl6 (LYC), which is one of the more promising halide candidates al-
ready shown to be stable with LCO. The crystal structure of LYC is in
the space group P3m1 and contains 1D conduction pathways of lithium sur-
rounded by YCl6 octahedra. Figure 5.1a shows the crystal structure of LYC.
A similar material to LYC, LiCs2YCl6(LCYC), was predicted to be a fast
ion conductor through the use of a lattice dynamics based high-throughput
algorithm. The crystal structure of LCYC is shown in Figure 5.1b. Due
to the lower lithium content in this crystal and the replacement of Cs, the
lithium sites are spaced further apart from one another than in LYC. This
material was predicted to be a fast ion conductor because it contains a low
lithium phonon band center, and shares many properties with LYC, a known
fast ion conductor. However, when synthesized it was found that LCYC does
not exhibit ion conductivity of any kind.
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Figure 5.1: Crystal structures of a) Li3YCl6 and b) LiCs2YCl6. c-e)Lithium
disorder in Li3YCl6. Disorder occurs in the middle plane (dark blue) of
lithium atoms where there is only partial occupancy. There are three
different disordered crystal structures after accounting for symmetry when
considering only the 30-atom unit cell.
Frustration induced disorder
As discussed earlier, frustration induced disorder is one descriptor of fast
ionic conductivity in solid electrolyte materials. In this section, the existence
of frustration and disorder in LYC and LCYC are explored. Figure 5.1c-e
shows the inherent disorder that exists in LYC and the subsequent lack of
disorder in LCYC. Even in the small 30 atom unit cell of LYC, there are
three symmetrically different configurations with near degenerate energies.
This disorder is shown again in Figure 5.2, which exhibits the geometric
frustration in the center partially occupied plane of LYC. In the stoichiomet-
ric perfectly crystalline relaxed unit cell, there are inherent vacant lithium
sites neighboring occupied lithium and yttrium sites. In bulk LYC at nonzero
temperature, both the lithium and yttrium atoms are disordered. In Figure
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5.2a, the lithium has four possible sites to which it can hop. Each of these
sites has a different energy barrier due to the bottleneck created by the sur-
rounding yttrium atoms. The blue arrows indicate the most likely hops as
there are no neighboring yttrium to form a bottleneck. Orange and red then
have different energy barriers because their 2D bottlenecks are formed with
one and two yttrium atoms respectively. Thus, even in the lowest energy
stoichiometric crystal of LYC, there are hops that correspond to different
energy barriers. When introducing more lithium into a small region such as
the one shown in Figure 5.2a, the atom could choose to occupy one of the
vacant sites that neighbors the intrinsic lithium atom. Due to the configura-
tion of the crystal, these sites are of higher energy than the already occupied
low energy sites, as was found by performing DFT self-consistent relaxations.
Thus the stoichiometric crystal configuration is geometrically frustrated, as
whatever site the additional lithium occupies, it will be a higher energy site
than the inherent lithium atoms.
A favorable defect in LYC is an anti-site defect of YLi. This is thought to
hinder conduction when the yttrium atom blocks the 1D lithium conduction
channel. In Figure 5.2b, the yttrium occupies a lithium vacancy in the lat-
tice, which changes the disorder properties of the lithium. The lithium again
has the ability to move to four unoccupied sites, but with different migration
barriers. This introduces even more frustration into the local configuration,
as a newly added lithium to the crystal would have more unoccupied degen-
erate lattice sites in which to sit. Thus it is theorized that the slight disorder
of yttrium observed in the lattice frustrates it further and encourages even
more lithium disorder.
The similar structure of LCYC does not exhibit any noticeable disorder in
the lattice. This quaternary material has been studied far less, but the per-
fect crystal structure has no inherent vacancies or room for non-stoichiometric
concentrations of lithium. Additionally, the occupied cesium sites lie in be-
tween the lithium sites, which increases the jump distance for lithium. This
causes a significant reduction in the prefactor in the conductivity equation.
No observable conduction channel can be seen when reviewing the LCYC
crystal structure. Thus it is not surprising that upon further study of the con-
figuration that the lattice does not allow for measurable lithium movement.
The complete lack of frustration and disorder in this lattice also supports
the idea that both properties are required in order for a crystal structure to
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Caption: 2D slice through the conduction plane of a) perfectly symmetric Li3YCl6 b) Li3YCl6 with a Y anti-site 
defect and c) LiCs2YCl6. In images a) and b), the colors of the circles and subsequent arrows correspond to 
different lithium lattice sites. Traversing to the blue site would be energetically most favorable, followed by orange 
and red.
Purpose: With this image I want to point out frustration in the lattice of LYC and the lack of frustration in the 
lattice of LCsYCl. Because there are Y anti-site defects that occur in LYC, once this happens there is clear 
frustration surrounding the Yttrium that moved and the closest lithium atom.
a) b) c)LithiumYttriumCesiumChlorine
Figure 5.2: A 2D slice through the conduction plane of a) perfectly
symmetric Li3YCl6 b) Li3YCl6 with a Y anti-site defect and c) LiCs2YCl6.
In images a) and b), the colors of the circles and subsequent arrows
correspond to different lithium lattice sites. Traversing to the red site
would be energetically most favorable, followed by orange and blue.
allow fast ion conduction.
Lattice Dynamics
The reason LCYC was considered in this work is because it was predicted to
have high lithium conductivity by a lattice dynamics based high-throughput
algorithm. The mobile ion phonon band center was used as a descriptor
of ionic conductivity in a large set of lithium containing materials. This
algorithm did predict a tested halide lithium conductor, Li3ErCl6, making
it a promising algorithm. However, LCYC was recently synthesized by our
experimental collaborator and found to exhibit no ionic conductivity. This
result is currently unpublished.
Lattice dynamics of both LYC and LCYC are studied in this work to
compare to beta alumina and attempt to discern features distinct to slow,
fast, and superionic conductors. Figure 5.3 shows the phonon band structure
and partial density of states of both LYC and LCYC. Both exhibit a low
mobile ion phonon band center, where the lower of the two is LCYC at 4
THz. Similarly, both materials are quite soft, with the cutoff frequencies
of LYC and LCYC being 11 and 9 THz respectively. As discussed in the
literature review section, soft materials are in general predicted to exhibit
fast ionic conductivity due to the weak bonding that exists in these materials.
One observable difference in LCYC is the absence of flat phonon bands in
the band structure. In LYC, flat phonon bands exist, which relates to a low
group velocity and subsequently weaker bonding in the material. This could
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Figure 5.3: Phonon band structure and partial density of states for Li3YCl6
and LiCs2YCl6.
also correspond to the size of the cell, as LYC has a larger unit cell of 30
atoms as compared to only 10 atoms in the unit cell of LCYC. Regardless, the
absence of flat bands in LCYC is not a good indicator for fast ion conductivity
or weak bonding the material, even though it contains a high concentration
of the larger and heavier cesium atoms.
The partial density of states in LYC exhibits isolated lithium phonon
modes, which is something absent in LCYC. In LCYC, the lithium modes are
always coupled with yttrium and chlorine vibrations, and are never isolated
from the anion framework. The isolation of the mobile ion phonon modes
in LYC could potentially point to decoupled mobile ion and anion sublat-
tices, which implies weak bonding and therefore fast ion conductivity. Thus
lithium atoms are excited by phonon modes that do not excite the anion
sublattice.
Lastly, the phonon modes that correspond to lithium vibrations in LYC are
higher than those of the anion sublattice. Although the frequencies are still
low, the anion sublattice frequencies are even lower. This is notable as we
observed the opposite correlation in the superionic conductor beta alumina,
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where the sodium sublattice dominates the lower frequencies and the alumina
sublattice vibrates at much higher frequencies. In LCYC, the cesium atoms
exhibit this feature. Thus it might be thought that since this property results
in fast sodium movement in beta alumina, it indicates the existence of fast
cesium movement in LCYC. However, since cesium is a much heavier ion
than sodium and lithium, it naturally vibrates at much lower frequencies.
This suggests that the descriptor of a low mobile ion phonon band center
does not consistently accurately predict fast ion conduction for ions heavier
than sodium and lithium.
Energy Migration Barrier
The migration energy barrier of LYC was measured using the nudged elas-
tic band (NEB) method as implemented in VASP. This allows for direct
calculation of the barrier to conduction in both the a-b plane and along
the c-axis. In LYC, conduction is favored along the c-axis and forms a 1D
conduction channel, as was discovered through AIMD simulations [37]. The
averaged energy barrier found in this study was 0.19±0.03 eV, which accounts
for conduction in all three directions. These results differ from experiments,
which found a conduction energy barrier closer to 0.45 eV. The discrepancy
between these two values is attributed mainly to anti-site defects not con-
sidered during simulation, consisting of yttrium on lithium sites, which then
act to block the 1D diffusion pathways.
Migration energy barriers obtained from NEB in this study were found to
be even lower than that of the AIMD study. In the a-b plane the migration
energy barrier was 0.18 eV and along the c-axis the barrier was 0.13 eV.
These values are both lower than those found in the AIMD study, but fall
within DFT error. We discover again that the c-axis conduction pathway
barrier is somewhat lower than the a-b plane, which corroborates the findings
that this 1D channel is favored during lithium conduction.
The a-b plane also exhibits a local minimum in between the beginning
and final positions of the atomic jump. In order for a lithium ion to get
from the initial to the final position, it must traverse through a intermediate
tetrahedral site that is an energetically less favorable position than the initial
and final octahedral sites. This is exhibited in the nudged elastic band results
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Figure 5.4: Migration energy barrier obtain from the nudged elastic band
method in both the a-b plane ((a) and (b)) and along the c axis ((c and
(d)). (a) and (c) display all of the images used in the NEB calculation.
as a local minimum in the calculated energy migration barrier. Since the
c-axis hop only involves jumping from one octahedral site to an adjacent
octahedral site, there is no local minimum in the calculated energy migration
barrier. Each path chosen for simulation is shown in parts (a) and (c) of
Figure 5.4.
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CHAPTER 6
DISCUSSION
Crystal Structure
One obvious difference between these crystal structures is the existence of
an ion conduction pathway in LYC and beta alumina, and the subsequent
absence of a conduction pathway in LCYC. Without a pathway for ions
to move, there will be no ionic conductivity in the lattice and we see that
exhibited here first hand. Unfortunately, crystal structure and conduction
pathways are not easy to observe in a high-throughput manner.
One discernible difference between the crystal structures of beta alumina,
LYC, and LCYC is the local mobile ion coordination. In LYC and β alumina,
the lithium and sodium atoms neighbor one another in such a way that allows
them to form an ion conduction pathway. The absence of lithium-lithium
neighboring or lithium-vacancy neighbors in LCYC results in a closed-off
lattice with no conduction pathway. This might suggest that a high lithium
concentration is necessary for a sizable conduction pathway to exist in a
given crystal lattice. Our example of LYC follows this idea with a 3:7 ratio
of lithium to other atoms. Then we see that LCYC has a lower ratio of
1:7. Thus LCYC and LYC suggest this idea might show some success as
a descriptor. However, when we consider beta alumina, the fastest of the
three ion conductors, we see that it has a 1:18 ratio of sodium to all other
atoms in the lattice. Evidently it is the local coordination or concentration
of the mobile ion that is important when considering this idea of packing the
lattice with mobile ions. Ideally an overall higher concentration of mobile ions
would benefit conductivity, because there would be more to move around the
lattice. But in reality, we see that what matters most for forming crystalline
conduction pathways is the local environment of the mobile ions.
In LYC and β alumina, the lithium and sodium sublattices have inherent
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vacancies which allow for ionic conduction through those sublattices. Once
cesium is introduced into LYC, it becomes favorable for the crystal structure
to change such that cesium and lithium become ordered and no more inher-
ent vacancies exist, closing off the opportunity for conduction. Given the
traditional direct hopping mechanisms observed in these halide materials,
this explains the low ionic conductivity observed in LCYC.
Frustration induced disorder
Figures 4.1 and 5.2 show the frustrated crystal lattices of LYC and beta
alumina, and the lack of frustration in LCYC. The conduction plane of beta
alumina at the stoichiometric concentration is similar to the 3D lithium sub-
lattice of LYC such that when you introduce more mobile ions into the lattice,
that mobile ion is forced to sit at a higher energy site as compared to the
inherent mobile ions. This signifies the frustration of these lattices and in-
duces disorder at high mobile ion concentrations. Because the mobile ions sit
at higher energy sites, we might expect the concerted hopping mechanism to
dominate in both of these materials. However, the concerted hopping mech-
anism, while favorable in beta alumina, is not abundantly observed in LYC.
Due to the already weak bonding between the chlorine and lithium ions, it is
thought that the concerted hopping mechanism is not necessary in order for
fast ion conduction to take place in this class of halide materials. It is also
possible that the local lithium concentration is not high enough at Li3YCl6
and thus the lithium does not occupy the high energy sites.
The NEB results reveal that there exists in the P3m1 crystal structure of
LYC an available high energy unoccupied site in the a-b plane. This site
is not occupied by lithium ions other than during the ion conduction pro-
cess. If the lithium concentration of LYC were increased without loss of
crystal configuration, it might be feasible that a lithium ion could occupy
this intermediate site, leading to the emergence of the concerted hopping
mechanism. Unfortunately, there are other lower energy sites in the lattice
that the lithium would occupy first, so the lithium concentration would have
to be much higher in order for it to become energetically favorable for a
lithium to sit in the intermediate tetrahedral site in the a-b plane at equi-
librium. The large number of available lithium sites and the disorder in the
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lattice is important for ion conduction. The removal of these empty sites
through the addition of lithium could potentially act towards inhibiting ion
conduction, considering the currently favored direct hopping mechanism and
the necessity for vacant lithium sites. Alternatively, the addition of lithium
could possibly increase the lithium content to the point where occupation of
high energy sites induces the concerted hopping mechanism, which is known
to collectively reduce the overall energy migration barrier in numerous supe-
rionic materials.
At stoichiometric concentrations of LYC, because the energy barrier along
the c-axis is significantly lower than that in the a-b plane, the lithium con-
duct along this pathway. This 1D conduction channel does not contain an
intermediate high energy site necessary for concerted hopping. Thus the ma-
jority of hopping in LYC occurs via the direct hopping mechanism along the
c-axis.
The weak bonding between chlorine and lithium in LCYC is not enough
to allow for fast lithium conductivity. Unlike LYC and beta alumina, LCYC
exhibits no frustration of the crystal lattice and subsequently no inherent
disorder. It is unknown what off-stoichiometric concentrations of LCYC are
stable, but from observing the crystal lattice, it appears that the perfectly
ordered crystal structure has no obvious available sites for lithium interstitials
to occupy, which would be the most likely defect to create a configuration
favorable for lithium conduction.
One added nuance to the crystal structure of LYC not observed in beta
alumina is a common anti-site defect involving yttrium occupying a lithium
site. This anti-site defect is thought to inhibit the 1D conduction pathway
along the c-axis. However, the frustration of the a-b plane is enhanced once
this defect occurs, as there are more low energy hopping pathways available
to lithium in this plane.
Lattice Dynamics
One of the most interesting features of ion conducting materials are their
vibrational properties. The superionic conductor beta alumina exhibits flat
bands and soft mobile ion phonon modes, both of which are also observed
in LYC. LCYC exhibits soft mobile ion phonon modes but fails to exhibit
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any conductivity. Thus the vibrational properties of these materials must be
examined further.
One key difference between beta alumina and both LYC and LCYC is that
the sodium modes in beta alumina dominate the lowest frequency vibrations,
whereas in LYC and LCYC the lithium ions vibrate at low frequencies, but
not disparately from the rest of the lattice. This suggests there might be an
important correlation between the mobile ion and anion sublattices. Perhaps
the ideal phonon property for an ionic conductor is to exhibit low mobile
ion dominated vibrational frequencies that are decoupled from high anion
dominated phonon frequencies, as is seen in beta alumina. While LYC is a
fast ion conductor, it does not have nearly the superionic conductivity of beta
alumina and also diffuses mainly via the direct hopping mechanism rather
than the concerted mechanism.
Soft materials are often thought to exhibit fast ionic conductivity. It has
been shown that this is not an all encompassing descriptor of ionic conductiv-
ity, as sometimes making a material softer does little or nothing to improve
conductivity. Yet this method is still commonly used as a starting point in
attempts to increase ionic conductivity of already known fast ion conductors.
Beta alumina is quite different from many fast ion conductors in that it is not
a soft material. The anion lattice vibrates at much higher frequencies than
the mobile ion sublattice, and the overall material is brittle, not soft. The
advantage of this relation between the mobile ion sublattice and the anion
lattice was discussed previously. However, it is also worth noting that beta
alumina is only stable at very high temperatures (around 1500K), so the high
frequency vibrations in the anion sublattice would be thermally excited at
this temperature. In LYC, a room temperature fast ion conductor, all of the
phonon modes exhibited in the band structure would also be excited since
the material is so soft. The question then arises of whether it is advantageous
for all of the phonon modes corresponding to both the anion and mobile ion
sublattices need to be excited for fast ionic conductivity to take place, and
whether these excited phonon modes should include coupled modes between
the anion and mobile ion lattices or mobile ion phonon modes isolated from
the anion sublattice.
While the change in concentration of β alumina did show some interesting
features regarding the effects of the phonon properties, no major changes in
the position of the mobile ion and anion phonon frequencies occurred. Both
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β and β′′ are fast ion conductors, but the conductivity of β′′ exceeds that of
β. It is also true that β′′ exhibits a higher sodium concentration than does
the β phase, where there are a larger number of inherent vacancies in the β
phase, but lower energy vacancies in the β′′ phase. Contrarily, LYC has many
nearly degenerate vacant sites for lithium in the lattice, more similar to β′′,
but exhibits a lower overall conductivity. This dependence of conductivity
on concentration in LYC and β alumina does not show up clearly in the
phonon properties. Some general relations between soft lattices and mobile
ion phonon bands centers have been discussed, and a clear dependence of
either of these properties on the mobile ion concentration is not observed.
alumina and LYC both exhibit imaginary phonon modes in their phonon
band structure. Due to the distance from the gamma point, they indicate an
instability in the material. It has been theorized that superionic materials ex-
hibit fast ionic conductivity in environments where they are close to a phase
transition. β and β′′ are two very similar phases with near identical concen-
tration, and when they form together they exhibit fast ionic conductivity.
LYC has many isomorphs, but also shares a very similar crystal structure
with the layered material Li3InCl6 (C2/m), which is also a fast ion conduc-
tor. It is possible that the crystal structure of LYC is metastable, and that
there are sub-regions in the material that contain a mix of the layered crystal
structure of Li3InCl6 and LYC. Perhaps it is the closeness of the two phases
in these materials that allows for fast ion conduction, such that the switching
between phases implies increased disorder leading to more ion movement and
additional crystal pathways for diffusion.
One last interesting feature that β and β′′ alumina exhibit is a similarity to
recently studied layered superionic conductors CuCrSe2 and AgCrSe2. This
class of materials has been studied in an attempt to better understand their
thermal properties by gaining a fundamental understanding of the effects
of the superionic Cu and Ag ions on the phonon properties. Both studies
investigated the properties of the materials as they increase the temperature
such that the material undergoes an order-disorder phase transition at around
360K. At this temperature the superionic ions become disordered in their
2D sublattice and begin diffusing through the material stochastically. Of
note, the low frequency mobile ion dominated phonon modes break down as
the order-disorder temperature is crossed. Interestingly, the low frequency
transverse acoustic phonons that correspond to heat conduction stay largely
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intact, while it is the mobile ion dominated modes that disappear, due the
mobile ions becoming overdamped at this temperature. Thus they no longer
feel a restoring force and do not return to their equilibrium position before
coming in contact with another phonon that again excites them in a different
direction. These materials share many features with beta alumina such that
they are both layered, superionic materials with mobile ion dominated low
frequency modes. The zero temperature phonon modes were investigated and
it was found that the in-plane, mobile ion dominated, ultra low frequency
phonon modes were the modes that disappeared at higher temperatures.
Identical low frequency, in-plane, mobile ion dominated modes exist in beta
alumina. Thus it would stand to reason given the many other similarities that
these materials share, that these phonon modes would also disappear from
the phonon band structure of beta alumina in the superionic regime, and
the sodium ions would become over-damped and follow liquid like stochastic
diffusion through the material.
These modes are however not observed in either LCYC or more impor-
tantly LYC. Thus this suggests a difference between fast and superionic con-
ductors such that superionic conductors require soft mobile ion dominated
modes isolated enough from the anion framework such that they can become
completely decoupled at higher temperatures and no longer follow the typical
oscillatory vibrational patterns.
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CHAPTER 7
CONCLUSION
In this study we investigated three different materials that exhibit slow,
fast, and superionic conductivity in the context of their crystal structures,
geometric frustration, and lattice dynamics properties. Both LYC and beta
alumina were found to exhibit sizable conduction pathways heavily populated
with mobile ions to allow for fast ion diffusion. In contrast, LCYC exhibited
no such conduction pathway and exhibited no conductivity, emphasizing the
necessity for a sizable conduction pathway and reasonable jump distance in
ionic conductors.
Similarly, both LYC and β alumina exhibited significant geometric frus-
tration in the mobile ion sublattice such that the addition of a mobile ion
to that lattice would result in the occupation of a higher energy site. In β
alumina, this allows for the existence of the concerted hopping mechanism,
which is thought to significantly enhance ionic conductivity and decrease the
overall migration barrier to hopping. LYC, however, exhibits the direct hop-
ping mechanism, suggesting the existence of occupied high energy sites does
not always lead to correlated motion and signifies the importance of lithium
concentration on the favorable mechanism. The inherent frustration induced
disorder in both materials does imply that frustration induced disorder can
be a good descriptor for fast ionic conductivity.
Lattice vibrations were found to differ significantly in each material, as
both LCYC and LYC are soft materials, which is usually associated with
weak bonding and fast ionic conductivity. β alumina however, is found to
contain a stiff anion sublattice weakly bonded to a soft mobile ion sublattice.
Thus a softer lattice does not always imply fast ionic conductivity. Addi-
tionally, the positioning and shape of the mobile ion phonon modes differs
between LYC and β alumina, suggesting the importance of the mobile ion
phonon spectrum specifically.
This positioning could potentially be using to predict new superionic con-
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ductors, where the mobile ion phonon band center’s position in relation to
the anion sublattice phonon band center could be used as the descriptor of su-
perionic conductivity. Other phonon properties such as the disappearance of
phonon modes or the existence of in-conduction-plane low frequency mobile
ion dominated phonon modes could potentially also be used as descriptors
in high-throughput algorithms if a method is devised that can observe or
calculate such properties quickly.
In conclusion, the complex vibrational properties of solid electrolytes and
their relation to fast ionic conductivity in this class of materials offers as an
exciting area of study. There is much more to be investigated with respect
to this relationship as well as connections made between lattice dynamics,
geometric frustration induced disorder, and the favorable ion hopping mech-
anism.
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